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PIP2 Activates KCNQ Channels, and Its
Hydrolysis Underlies Receptor-Mediated
Inhibition of M Currents
epileptic phenotype (Schroeder et al., 1998). Association
of KCNQ2 and KCNQ3 channels leads to a dramatic
increase in current amplitude compared to the current
produced by the individual homomers. The mechanism
for this increase is most likely an increase in channel
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surface expression (Cooper et al., 2000). KCNQ4 is spe-New York University
cifically located in the sensory outer hair cells of theNew York, New York 10029
inner ear, and it is linked to nonsyndromic dominant
deafness (Kubisch et al., 1999). The last member,
KCNQ5, is also located in neurons, but its function isSummary
not well characterized (Lerche et al., 2000).
Great efforts have been made to elucidate the mecha-KCNQ channels belong to a family of potassium ion
nism of inhibition of the M current, ever since its discov-channels with crucial roles in physiology and disease.
ery (Brown and Adams, 1980). It is well established thatHeteromers of KCNQ2/3 subunits constitute the neu-
the M current is inhibited not only by M1-type muscarinicronal M channels. Inhibition of M currents, by path-
receptors (hence its name “M current”) but also by acti-ways that stimulate phospholipase C activity, controls
vation of a variety of other G protein-coupled receptorsexcitability throughout the nervous system. Here we
(GPCRs), such as bradykinin (Cruzblanca et al., 1998),show that a common feature of all KCNQ channels is
purinergic-P2Y2 (Filippov et al., 1998), substance P (Ad-their activation by the signaling membrane phospho-
ams et al., 1983), and LHRH (Adams and Brown, 1980).lipid phosphatidylinositol-bis-phosphate (PIP2). We
In general, all known GPCR receptors that inhibit the Mshow that wortmannin, at concentrations that prevent
current have been shown to proceed via Gq/11 proteinsrecovery from receptor-mediated inhibition of M cur-
to activate phospholipase C and hydrolyze phosphati-rents, blocks PIP2 replenishment to the cell surface.
dylinositol-bis-phosphate (PIP2) (Brown and Yu, 2000).Moreover, we identify a C-terminal histidine residue,
It has been shown that the KCNQ1-4 channels are allimmediately proximal to the plasma membrane, muta-
inhibited by Gq/11-coupled muscarinic stimulation (Sel-tion of which renders M channels less sensitive to PIP2
yanko et al., 2000).and more sensitive to receptor-mediated inhibition.
Bath application of muscarine to rat or bullfrog sympa-Finally, native or recombinant channels inhibited by
thetic neurons during a cell-attached recording reducesmuscarinic agonists can be activated by PIP2. Our data M channel activity, suggesting the involvement of a “dif-strongly suggest that PIP2 acts as a membrane-diffus- fusible” second messenger (Marrion, 1993; Selyanko etible second messenger to regulate directly the activity
al., 1992). Moreover, suppression of the M current exhib-of KCNQ currents.
its a marked delay and a slow time course, features
consistent with the involvement of a diffusible second
Introduction messenger (Marrion, 1997). The unequivocal identity of
the second messenger, however, remains in question,
KCNQ channels are voltage-dependent, outwardly recti- as many candidates (e.g., IP3, Ca2, DAG, NAD, cADP
fying potassium channels whose molecular identity has ribose, calmodulin, calcineurin, activators/inhibitors of
only been recently elucidated (Wang et al., 1996; PKC, tyrosine kinases, or myosin light chain kinase
Jentsch, 2000). To date, five members have been identi- [MLCK]) have been suggested to modulate M currents
fied in this family (KCNQ1-5), each with a specific tissue (Marrion, 1997). Yet, multiple tests of the role of IP3,
distribution. The first member, KCNQ1 (KvLQT1) was Ca2, and PKC as candidate messengers have proven
shown to be linked to a particular form of the LQT syn- negative (Bosma and Hille, 1989; Beech et al., 1991;
drome, which is the most commonly inherited form of Cruzblanca et al., 1998; del Rio et al., 1999; Shapiro et
a cardiac arrhythmia (Wang et al., 1996). KCNQ1 is coas- al., 2000).
sembled with the product of the KCNE1 gene in the PIP2, although a minor (less than 1%) component of
heart to form a cardiac delayed rectifier-like K current. the membrane phospholipids, plays important roles in
KCNQ2/3 heteromers have been shown to comprise the a wide variety of cellular processes, such as generation
so called “M channel” (Wang et al., 1998; Shapiro et of the second messengers DAG and InsP3, regulation
al., 2000). KCNQ2 and KCNQ3 exhibit specific neuronal of both endocytosis and exocytosis, formation of micro-
distribution, and mutations of these channels lead to villi, and membrane attachment to the cytoskeleton
the epileptic condition (Biervert et al., 1998) known as (Czech, 2000).
More recently, it has been appreciated that PIP2 itself“benign familial neonatal convulsions” (BFNC). It has
directly controls the function of a variety of transportersbeen suggested that even a 25% reduction of the overall
either by causing activation—as in the case of inwardlychannel expression in the brain as a whole results in an
rectifying potassium (Kir) channels (e.g., Zhang et al.,
1999), the Na/Ca2 antiporter (Hilgemann and Ball,*Correspondence: diomedes@inka.mssm.edu
1996), the Na/H exchanger (Aharonovitz et al., 2000),1These authors contributed equally to this work.
the TrpM7 channels (Runnels et al., 2002), and the epi-2 Present address: Department of Pharmacology, Basic Medical Re-
search Institute, Hebei Medical University, Shijiazhuang, China. thelial Na channel (ENaC) (Ma et al., 2002; Yue et al.,
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2002)—or inhibition of ionic transport, such as for TrpL of the current, following reactivation by PIP2. The current
block fully persisted upon poly-lysine washout (Figurechannels (Estacion et al., 2001), the TrpV capsaicin re-
1C, left). Similarly, PIP2 antibody applied to the internalceptor (Chuang et al., 2001), the InsP3R (Lupu et al.,
surface of inside-out macropatches suppressed the cur-1998), and mammalian rod cyclic nucleotide-gated
rent, again an effect that persisted following washoutchannels (Womack et al., 2000).
of the antibody (Figure 1C, right).A recent study showed that recovery from muscarinic
We also tested the specificity of KCNQ2/3 channelsinhibition of M currents required high concentrations of
for different PIP2 stereoisomers, using the water-solublehydrolysable ATP and was blocked by inhibitors of PI4
phosphoinositide derivatives (eight carbon-long acylkinase, suggesting a requirement for PIP2 synthesis (Suh
chains, diC8), diC8PI(3,4)P2, diC8PI(4,5)P2, and diC8-and Hille, 2002). However, direct evidence that PIP2 can
PI(3,4,5)P3, all of which seemed to activate the channelfulfill the role of the mysterious second messenger un-
with similar efficacy (n  5, data not shown). Moreover,derlying receptor-mediated inhibition and its reversal is
application of the negatively charged membrane phos-still lacking (Ikeda and Kammermeier, 2002).
pholipid phoshatidylserine (PS) at high concentrationsHere we provide direct evidence suggesting a role for
(300 M) could also activate KCNQ2/3 heteromers (fourPIP2 serving as a membrane-delimited diffusible second
out of seven patches). Channel activation occurredmessenger during agonist-induced inhibition of M cur-
slowly, after a delay of 1–3 min, and the effect wasrents. Our evidence consists of (a) the direct activation
sustained, with little run-down following the washout ofof KCNQ2/3 by PIP2, as well as of all KCNQ channel
PS. In contrast, application of the neutral membranefamily members; (b) a mutation that reduced PIP2 sensi-
phospholipid phoshatidylcholine (PC) and phosphati-tivity resulted in increased receptor-induced inhibition
dylethanolamine (PE) alone or in combination (n  4)of M currents; (c) chelation of PIP2 by either polylysine
failed to reactivate KCNQ2/3 heteromers. Application ofor PIP2 antibody abolished M currents, under cell-free
a cocktail of membrane phosholipids, PC/PE/PS, alsoconditions; (d) wortmannin showed the same dose de-
moderately activated the channels in50% of the casespendence for blocking M current recovery after musca-
(three out of six). Uninjected control oocytes (n  5)rinic inhibition that it did for PIP2 resynthesis; and (e)
displayed linear currents in the range 2–10 pA undernative or recombinant channels that were inhibited by
similar protocols, showing no response to the appliedmuscarinic agonists under cell-attached conditions
reagents (data not shown). The low specificity ofwere activated by PIP2 in inside-out patches.
KCNQ2/3 channels resembles that of KATP channels (Ro-
ha´cs et al., 2002b; Fan and Makielski, 1997).Results
PIP2 Activates All KCNQ Family MembersRecombinant KCNQ2/3 Heteromers and KCNQ2
We proceeded to test the effects of PIP2 on the re-Homomers Are Activated by PIP2 maining members of the KCNQ family. We first investi-Two-electrode voltage-clamp recordings from oocytes
gated the effect of PIP2 on KCNQ1 alone (Figures 2Aexpressing KCNQ2 with or without KCNQ3 revealed de-
and 2C) and the KCNQ1-KCNE1 complex (Figures 2B
layed rectifying currents (Figures 1A–1D), consistent
and 2C) expressed in Xenopus oocytes. Following exci-
with previous reports (Schroeder et al., 1998; Wang et
sion of macropatches into the inside-out mode, K cur-
al., 1998). KCNQ3 channels expressed in oocytes rents showed an appreciable run-up. Application of 30
showed no detectable currents (Figure 1A). In the cell-
g/ml poly-lysine caused rapid and persistent current
attached mode KCNQ2/3 currents were relatively stable. inhibition. Just like KCNQ2/3, KCNQ1/KCNE1 channel
In general, patches displayed activities that increased activity after application of PIP2 was usually higher than
(ran up) upon excision to the inside-out mode, followed the activity in the cell-attached mode, and reached a
by an almost total decrease (run down) within 1 min. level equal and often higher than the peak of the activity
Oocytes injected with cRNA (5–20 ng) for KCNQ2 chan- occurring immediately upon excision. PIP2 application
nels produced currents which were four to eight times showed significantly smaller effects in oocytes injected
smaller than oocytes expressing KCNQ2/KCNQ3 heter- with KCNE1 alone (Figure 2C). The PIP2 effect did not
omers (Figures 1A and 1B). Overall, KCNQ2 current be- run down during the time course of the experiment (data
havior was very similar to that of heteromeric channels. not shown).
Bath application of PIP2 (10 M) in inside-out macro- Next we tested KCNQ4 and KCNQ5 channels. Cur-
patches rescued KCNQ2 homomeric activity just as it rents from these channels showed little or no activity in
did for KCNQ2/KCNQ3 heteromers (Figures 1C–1E). Re- the cell-attached mode and complete run-down of their
activation for both homomers and heteromers occurred activity following inside-out macropatch excision (data
within 1–3 min. Channel activity after application of PIP2 not shown). These currents could also be reactivated
to inside-out macropatches was usually higher than the by bath application of PIP2 (Figures 2D–2F). Again, poly-
activity in the cell-attached mode and reached a level lysine blocked these K currents rapidly and persis-
equal and often higher than the peak of the activity tently. These results show that all KCNQ family members
occurring immediately upon excision. Control unin- are PIP2 sensitive.
jected oocytes (n  7) had linear currents in the range
2–20 pA under similar protocols, with no change follow- The Relative Affinity of KCNQ2/3 Channels for PIP2
ing PIP2 application (data not shown). Determines Current Magnitude and Extent
Application of 30 g/ml poly-lysine (MW 8000 Da), of Receptor-Mediated Inhibition
which acts as a PIP2 scavenger (Roha´cs et al., 2002a; The C-terminal region proximal to the S6 transmem-
brane domain exhibits a high density of conserved basicLopes et al., 2002), resulted in fast and complete block
PIP2 Hydrolysis Underlies M Current Inhibition
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Figure 1. PIP2 Activates Recombinant KCNQ2
Homomeric and KCNQ2/3 Heteromeric Cur-
rents
(A) Two-electrode voltage-clamp (TEVC) re-
cordings from oocytes injected with mRNA
for KCNQ2, KCNQ3, and KCNQ2/3 (1:1 ratio)
channel subunits. Recordings were obtained
using voltage steps in increments of 10mV
starting from a holding potential of 100mV.
(B) IV plots from the above recordings.
(C) Inside-out macropatch recordings from
KCNQ2/3 channels; the arrows denote exci-
sion to the inside-out mode. The naturally
occurring phosphatidylinositol (4,5) bisphos-
phate (PIP2) was applied after current run-
down. PIP2 antibody (1:50, n  3) or poly-
lysine (n  5) inhibited rapidly KCNQ2/3
heteromeric currents.
(D) Inside-out macropatch recording from ho-
momeric KCNQ2 channels and activation by
PI(4,5)P2.
(E) Summary data of PIP2 effects on KCNQ2/3
heteromers (n 9) and KCNQ2 (n 5) homo-
mers following rundown.
amino acid residues among KCNQ family members. By tion of dose-response relationships and characteriza-
tion of the relative affinities of the mutant and controlanalogy to inwardly rectifying K channels, where this
region has been shown to comprise a hot spot of basic channels for activation by PIP2. The EC50 for activation
of wild-type KCNQ2/3 by diC8PI(4,5)P2 was 87.2  6.7residues that interact electrostatically with PIP2 (Lopes
et al., 2002), we performed mutations that neutralized M (with a Hill coefficient of 1.35  0.08), while that for
the KCNQ2(H328C)/3 mutant was 219.4  34.3 (withpositive charges, to test whether they are involved in
interactions with PIP2. Unlike most mutants, H328C abol- a Hill coefficient of 1.54  0.17) (Figure 3A). Thus, the
H328C mutation reduced the sensitivity of the channelished KCNQ2 homomeric currents, and coexpression
of this mutant with wild-type KCNQ3 rescued the mutant to activation by PIP2, suggesting that H328 could be
involved in channel-PIP2 interactions. We proceeded tocurrents, although they were significantly less than
KCNQ2/3 wild-type currents (Figure 3D). The decrease compare the effects of receptor-induced inhibition on
wild-type heteromers versus those containing thein the KCNQ2(H328C)/3 heteromeric currents was not
due to a change in single-channel current as assessed KCNQ2(H328C) mutation. We coexpressed the human
bradykinin type 2 receptor and KCNQ3 subunits within cell-attached recordings at a pipette potential of 0mV
(KCNQ2/3: 0.38  0.04 pA, n  4; KCNQ2(H328C)/ wild-type or the KCNQ2(H328C) subunit in Xenopus oo-
cytes and assessed the relative inhibition by applying aKCNQ3: 0.35 0.02 pA, n 4; pipette solution 2 mM K,
bath solution 96 mM K). In contrast, the corresponding supramaximal concentration of bradykinin. The relative
bradykinin-induced inhibition was significantly greatermutation H330C in KCNQ3, seemed to exert a dominant-
negative effect on the activity of heteromers with for heteromers containing the KCNQ2(H328C) mutant
subunit, suggesting strongly that the extent of inhibitionKCNQ2. We used the high sensitivity of KCNQ2 homo-
mers to TEA (Ki  0.3 mM) to distinguish them from by bradykinin depended on the relative sensitivity of
KCNQ channels for PIP2.heteromers TEA (Ki  3.0 mM) and assess their relative
current contributions in oocytes injected with the
KCNQ2 and KCNQ3(H330C) channels (Hadley et al., Wortmannin Blocks Recovery of the Current
from Muscarinic Inhibition2000). We found that 3 mM TEA completely blocked
KCNQ currents, suggesting that heteromers did not ex- It has been previously shown that wortmannin at nano-
molar concentrations blocks specifically PI3 kinases,hibit functional expression (data not shown). We next
tested the effect of this KCNQ2 mutation on channel- but at micromolar concentrations it also blocks the ac-
tivity of most PI4 kinases (Nakanishi et al., 1995). SincePIP2 interactions in heteromers with wild-type KCNQ3.
The effects of diC8 PIP2 are reversible, allowing construc- the PI4 kinases are required for synthesis of the major
Neuron
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Figure 2. PIP2 Activates All Members of the KCNQ Family
(A and B) Representative recordings from oocytes injected with KCNQ1 and KCNQ1/KCNE1 channels respectively. PIP2 was applied to inside-
out macropatches following current block by poly-lysine. The inset shows representative traces from this experiment (on-cell and inside-out
patch modes).
(C) Summary data of PIP2 effects. Inside-out currents are plotted together with the on-cell currents for comparison, showing the effect of PIP2
on KCNQ1 (n  3) and KCNQ1/KCNE1 (n  4) channels.
(D and E) Macropatch recordings from oocytes injected with KCNQ4 and KCNQ5 channels. Similar experiments as in (A) and (B).
(F) Summary data of PIP2 effects. Inside-out patch currents are plotted together with the on-cell ones for comparison, showing the effect of
PIP2 on KCNQ4 (n  5) and KCNQ5 (n  5) channels following rundown.
phospholipid of the plasma membrane, PI(4,5)P2, inhibi- rinic inhibition and also prevented full recovery of the
current (Figure 4B), consistent with results by Suh andtion of their activity is expected to interfere with replen-
ishment of PIP2 levels. Hille (2002). We proceeded to test directly the effects
of wortmannin on PIP2 plasma membrane levels andWe tested the effects of long exposure to 30 M wort-
mannin on the activity of Kir2.1, Kir2.3, and KCNQ2/3 compare them to the electrophysiological results of re-
covery from muscarinic inhibition of KCNQ2/3 currents.that display high (EC50 5 M), intermediate (EC50 29
M), and low (EC50 87M) affinity for PIP2, respectively.
Incubation of oocytes with wortmannin did not affect Wortmannin Blocks PIP2 Resynthesis
Translocation of a GFP-tagged PH domain of PLC-Kir2.1 channels, while it showed a 78% inhibition of
Kir2.3 and a95% inhibition of KCNQ2/3 currents. Thus, (GFP-PH) has been used to monitor PIP2 hydrolysis and
relative levels in cell membranes (Kobrinsky et al., 2000;the relative inhibition of channel activity by long-term
wortmannin preincubation, correlated well with the rela- Stauffer et al., 1998; Varnai and Balla, 1998). In order to
test the effects of wortmannin on PIP2 levels in CHOtive sensitivities of these channels to PIP2.
Furthermore, in CHO mammalian cells expressing cells, we transfected these cells with GFP-PH and hM1
receptors and monitored the fluorescence localization.hM1 and KCNQ2/3 channels, the inhibition of IRK3 and
KCNQ2/3 was 63%  12% (n  5) and 86%  9.3% In unstimulated cells, GFP-PH resides mainly in the
membrane. Bath application of 10 M ACh to the cells(n  12), respectively, while IRK1 currents showed no
inhibition. Again the relative inhibition of the three chan- led to a rapid translocation of the fluorescent signal
from the membrane to the cytoplasm. This translocationnels tested correlated well with their relative sensitivities
to PIP2. could be almost completely reversed within 2 min after
removal of ACh. Incubation of the cells with 1 M wort-Application of 10 M but not 1 M wortmannin de-
layed considerably recovery of the current from musca- mannin before and after ACh application did not affect
PIP2 Hydrolysis Underlies M Current Inhibition
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Figure 3. Mutation of a Basic Residue Decreases Heteromeric Channel Affinity for PIP2 and Results in Greater Bradykinin-Induced Inhibition
(A) Inside-out macropatch measurements were performed in FVPPK solution. Holding potential was80mV, KCNQ2/3 channels were activated
by a positive step to 20mV for 500 ms, and then a negative step to 50mV for 500 ms was applied. This protocol was repeated every 2 s.
The currents at the end of the 20mV step are shown as representative traces. Following patch excision, poly-lysine was applied (60 g/ml)
to inhibit all KCNQ2/3 currents. Then different concentrations of diC8 PI(4,5)P2 were applied to activate KCNQ2/3 current, as shown with the
representative traces. Dose-response curves for wild-type KCNQ2/3 (each point is the average of two to eight determinations) and
KCNQ2(H328C)/3 (each point is the average of two to five determinations).
(B) Representative TEVC recordings (step at 20mV) from oocytes injected with wild-type, mutant subunits, and Bradykinin type 2 receptor.
A supramaximal concentration of bradykinin (BK) (100 nM) was applied to inhibit wild-type and mutant currents.
(C) Summary data and statistics from bradykinin-induced inhibition experiments similar to those shown in (B) (KCNQ2/3: n 11; KCNQ2(H328C)/
3: n  16).
(D) TEVC showing summarized whole-cell current amplitudes for wild-type and mutant homomers (KCNQ2, n  7; KCNQ2(H328C), n  50)
and heteromers (KCNQ2/3, n  24; KCNQ2(H328C)/3, n  19) relative to wild-type KCNQ2/3.
either the activation or washout kinetics in these cells. incubation of the cells with 10 M wortmannin, however,
slowed the recovery from PIP2 hydrolysis considerably,The ACh could be applied and washed repetitively with
minor reductions in the signal intensity without changes indicating that PIP2 resynthesis is effectively inhibited
by this concentration of wortmannin (Figure 5B). Briefin the kinetics of activation or recovery (Figure 5A). Brief
Neuron
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Figure 4. Inhibitory Effects of Wortmannin on
PIP2-Interacting K Channels
(A) TEVC recordings from oocytes incubated
with 30 M wortmannin for 2 hr. Three PIP2-
interacting K currents are compared: two
inwardly rectifying channels Kir2.1 (n  10,
wortmannin: n  19) and Kir2.3 (n  5,
wortmannin: n  14) and KCNQ2/3 hetero-
mers (n  24, wortmannin: n  20).
(B) Whole-cell recordings from CHO cells
tranfected with human muscarinic type 1 (M1)
receptor and KCNQ2/3 channels. Wortman-
nin delays recovery from muscarinic inhibi-
tion at 10 M (n  3) but not at 1 M (n  3).
applications of wortmannin did not lead to PIP2 hydroly- SCG neurons display more than one unitary conduc-
tance. We mostly encountered the small (7 pS) andsis. These data show that wortmannin at 10 M can
effectively inhibit PIP2 resynthesis and therefore strongly intermediate (12 pS) conductances and tested for oxo-
tremorine methiodide inhibition and activation by PIP2support the notion that the delay of the M current recov-
ery by wortmannin is due to alterations in membrane (Selyanko et al., 1992; Selyanko and Brown, 1993). Fig-
ure 6B shows a representative record of inhibition by 5PIP2 levels.
M oxotremorine methiodide of channels showing a
unitary cord conductance of 11.7  0.5 pS (n  4).Native and Recombinant M Channels Inhibited by
Similar inhibitory effects were obtained on channels withOxotremorine Methiodide Are Activated by PIP2
a smaller unitary conductance 7.1  0.2 pS (n  4). PIP2We transiently transfected mammalian CHO cells with
activated channels with two distinct unitary conduc-the KCNQ2 and KCNQ3 channels and the M1 receptor
tances: one of 10.3  0.8 pS (n  6, three patches werecDNAs and recorded M channel activity 2–4 days later.
activated with diC8 PIP2 and three with the long acylFigure 6A shows a representative experiment, where 5
chain PIP2 analogs) and another of 5.6  0.5 pS (n  8,M oxotremorine methiodide was applied in the bath
five patches were activated by diC8 and three othersduring the cell-attached mode. Oxotremorine methio-
by the long acyl chain PIP2). Following excision to thedide clearly inhibited channel activity (NPo before oxo-
inside-out patch configuration PIP2-activated channelstremorine methiodide: 0.41 0.07; NPo during oxotrem-
that could be inhibited by poly-lysine (n 8, four experi-orine methiodide: 0.03  0.01; n  5) in a reversible
ments on each of the two unitary conductances seen).manner. Upon excision, channel activity ran down, but
These experiments strongly suggested that K channelsapplication of diC8 PIP2 activated channels in a revers-
in SCG neurons inhibited by oxotremorine methiodideible manner (NPo, during cell-attached mode: 0.20 
and activated by PIP2 bear the unitary characteristics0.02; following excision: 0.003  0.002; and during PIP2
typical of M channels.application: 0.26 0.05; n 4). The oxotremorine methi-
odide-inhibited currents showed indistinguishable uni-
tary characteristics as the PIP2-activated ones. Discussion
We next isolated rat SCG neurons and tested whether
PIP2 affected the activity of native M channels. As pre- The role of PIP2 as a second messenger regulating di-
rectly transmembrane effector proteins is increasinglyviously described, M channel currents recorded from
PIP2 Hydrolysis Underlies M Current Inhibition
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Figure 5. Effects of Wortmannin on the PIP2 Hydrolysis and Resynthesis
CHO cells were transfected with GFP-PH and hM1 receptors and fluorescence was monitored using a confocal microscope.
(A) Application of ACh led to translocation of GFP-PH to the cytoplasm. Effects on the kinetics or extent of this translocation by incubation
of the cell with 1 M wortmannin can be monitored relative to each shaded manipulation. Representative record is from three similar
experiments.
(B) Same as in (A) except that 10 M wortmannin was used. Representative record is from three similar experiments.
being appreciated (Hilgemann, 1997; Hilgemann et al., phospholipid to control the activity of many membrane
proteins through receptor-mediated signaling. Studies2001). Inwardly rectifying K (Kir) channels have been
best characterized in terms of the nature of their interac- of Kir channels have taught us that the nature of channel-
PIP2 interactions is electrostatic, whereby specific basictions with PIP2 (e.g., Lopes et al., 2002), their specificity
(Roha´cs et al., 1999, 2002b), as well as the physiological residues interact with the negative charges of PIP2 (e.g.,
Zhang et al., 1999; Lopes et al., 2002).importance of their modulation by PIP2 (e.g., Kobrinsky
et al., 2000). However, the rapidly increasing list of ion In the present study we have characterized effects of
PIP2 on members of the KCNQ channel family. We havechannels and transporters modulated by PIP2 speaks to
the general design of utilizing this important membrane shown that all members of this family are activated by
Neuron
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Figure 6. PIP2 Activates Native and Recombinant M Channels that Are Inhibited by Oxotremorine Methiodide
(A) Representative recording from CHO cells expressing KCNQ2/KCNQ3 channels. Channels were inhibited by oxotremorine methiodide (Oxo-
M) (5 M) in the cell-attached mode and activated by application of DiC8-PIP2 (15 M) to the cytoplasmic membrane in the inside-out mode.
The patch was held at the calculated 0mV potential (30mV pipette potential and 25 mM K outside the cell) during the cell-attached mode
and at 0mV during the inside-out mode.
(B) Representative recordings from neurons isolated from rat superior cervical ganglia. Channels were inhibited by Oxo-M (5 M) in the cell-
attached mode. Channels activated by DiC8-PIP2 (5 M) application had an indistinguishable single-channel conductance, and they were
inhibited by a Poly-Lys (30g/ml) application to the cytoplasmic membrane in the inside-out mode. The patch was held at the calculated10mV
potential (20mV pipette potential and 25 mM K outside the cell) at the cell-attached mode and at 10mV for the inside-out mode.
PIP2. Our study focused on the KCNQ2/3 heteromers, peting with the channel for interactions with PIP2 (Lopes
et al., 2002). Moreover, KCNQ channel-PIP2 interactionsthe molecular constituents of the M currents, which are
prevalent in the nervous system and whose inhibition appear to be direct in nature, and their disruption results
in behavior similar to that seen with PIP2-interactingthrough the Gq/11 pathways promotes excitability in many
neurons. The mechanism of inhibition of M channels has inwardly rectifying K channels. Here, we identified a
histidine residue in the C terminus proximal to the cyto-been elusive, despite intense efforts to decipher it. It
has recently been suggested through pharmacological solic end of the last transmembrane domain (S6) that is
conserved among KCNQ family members. Mutation ofevidence that PIP2 may serve the role of the elusive
second messenger accounting for M current inhibition H328 to Cys resulted in functionally silent channels. Ti-
tration of the mutation by coexpression with wild-type(Suh and Hille, 2002). Our data provide evidence that
PIP2 is indeed a direct modulator of M current activity KCNQ3 subunits rescued heteromeric channel function.
Mutation of this histidine residue significantly decreasedand that its hydrolysis causes current inhibition. Based
on the evidence presented, we raise the following argu- the sensitivity of the channel to PIP2, which rendered
the channel amenable to greater inhibition by receptor-ments.
The block of all KCNQ channels by poly-lysine sug- mediated signals.
Wortmannin inhibits KCNQ2/3 currents and recoverygests electrostatic interactions, as the positively
charged poly-lysine is likely to have its effects by com- from muscarinic inhibition, suggesting a dependence of
PIP2 Hydrolysis Underlies M Current Inhibition
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Figure 7. Signaling through a Membrane-
Delimited Diffusible Second Messenger
(A) Bath application of ACh outside the patch
pipette activates M1 receptor and inhibits the
active homomeric GIRK4(S143T) channel
currents (Vivaudou et al., 1997) recorded in a
cell-attached patch from a Xenopus oocyte.
Symmetrical high-K solutions were used in
the pipette as well as in the bath. 5 M ACh
was applied to the cell via the bathing solu-
tion. Representative record is from three simi-
lar experiments.
(B) Cartoon depicting the experimental set
up (Soejima and Noma, 1984) showing that
diffusion of G	 subunits across the patch is
occluded by the patch pipette, but diffusion
of PIP2 is possible, presumably since the
patch pipette does not constrain the inner
membrane leaflet.
the activity of these channels on sustained PIP2 levels. nin, synthesis of PI(4,5)P2, the major PIP2 isoform in the
plasma membrane, is inhibited. Our reporter of relativeWhen comparing the effects of wortmannin on three
channels, one that shows high affinity for PIP2 (IRK1), plasma membrane PIP2 levels showed that indeed wort-
mannin at 10 M showed delays in PIP2 replenishmentanother with intermediate affinity (IRK3, 6-fold lower af-
finity than IRK1), and one with low affinity for PIP2 to the plasma membrane similar to those seen with re-
covery from receptor-mediated inhibition of M currents.(KCNQ2/3, 17-fold lower than IRK1), we see a clear cor-
relation of the effectiveness of wortmannin treatment Thus, continuous PIP2 resynthesis is required for recov-
ery of the current from muscarinic inhibition.on current magnitude and percent muscarinic inhibition.
Presumably, PIP2 interacting with IRK1 is completely In the pursuit of the second messenger underlying M
current inhibition, perhaps the greatest confusion hasprotected against hydrolysis by stimulation of PLC,
whereas PIP2 interacting with IRK3 and KCNQ2/3 is pro- come from the interpretation of compelling experiments
suggesting that the messenger is diffusible. Thus, thegressively less well protected.
Tokimasa et al. (1995) reported strong inhibition (85%– question has been raised whether PIP2 follows a concen-
tration gradient and diffuses in regions depleted by PLC95%) of M current in bullfrog sympathetic neurons after
application of wortmannin (3 M). Inhibition occurred (Ikeda and Kammermeier, 2002). Soejima and Noma
(1984) first performed such experiments on atrial myo-with a slow time course and was irreversible. Since low
concentrations of wortmannin (10 nM) that fully inhibit cytes studying the G protein-gated K channels. These
channels were later found to be directly activated byPI3 kinase did not affect M currrents, the effect was
attributed to inhibition of MLCK. Sequence analysis the 	 subunits of G proteins (Logothetis et al., 1987)
and to require PIP2 for activation (Sui et al., 1998; Huangdoes not reveal the existence of a consensus phosphor-
ylation site for MLCK in KCNQ2/3 channels, suggesting et al., 1998). In the Soejima and Noma (1984) experi-
ments, bath application of agonist failed to activatethat MLCK-dependent effects are rather unlikely (also
see Suh and Hille, 2002). Since most PI4 kinases are channels isolated in the cell-attached patch mode,
whereas pipette application of agonist resulted in robustinhibited at high micromolar concentrations of wortman-
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activation. These results gave birth to the notion of mem- and its metabolites) to exert effects on M currents, just
brane-delimited signaling and offered a paradigm for as different lipids (e.g., different PIP2 stereoisomers,
distinguishing between signaling that involves a cyto- PIP3, PS, and long acyl CoA) can act on KATP through
solic diffusible second messenger from one that is con- the PIP2 binding site (Roha´cs et al., 2002b; Fan and
fined to the plasma membrane. By analogy, bath appli- Makielski, 1997).
cation of muscarinic agonists do inhibit M channels in We have recently appreciated how defects in channel-
a cell-attached recording (Marrion, 1993; Selyanko et PIP2 interactions through interfering mutations in Kir
al., 1992). This result has been used as evidence for the channels can lead to disease (Lopes et al., 2002).
involvement of a cytosolic diffusible second messenger. KCNQ2/3 channel-PIP2 interactions may also have im-
To evaluate whether the conclusions drawn for protein portant physiological and pathophysiological implica-
signaling (i.e., G	) in the Soejima and Noma experiment tions. Our experiments demonstrated that PIP2 activates
apply to PIP2 signaling, we performed the experiment native M currents from SCG. Due to the fact that PIP2
analogous to M current inhibition with GIRK channels. is a strong activator of these channels, and a reduction
Figure 7A shows a representative experiment (n  3) as little as 25% of the current leads to BFNC, it is attrac-
where in a cell-attached macropatch recording from oo- tive to hypothesize that mutations that disrupt channel-
cytes expressing GIRK4 channels and M1 muscarinic PIP2 interactions could lead to disease.
receptor, bath application of ACh caused Ca2-activated
Experimental ProceduresCl currents and a concomitant inhibition of GIRK cur-
rents followed by a slow recovery. GIRK channels, which
Oocyte Preparation and Molecular Biologyinteract directly with PIP2 (e.g., Zhang et al., 1999), have Xenopus laevis oocytes were prepared and injected using standard
been shown to be inhibited by stimulation of PLC and protocols (Logothetis et al., 1992) The accession numbers for the
consequent hydrolysis of PIP2 (e.g., Kobrinsky et al., KCNQ channels used (see Acknowledgments) are: NM_000218 for
2000). PIP2 is confined to the inner leaflet of the bilayer hKCNQ1, AF110020 for hKCNQ2, AF091247 for rKCNQ3, AF105202
for hKCNQ4, AF202977 for hKCNQ5, and NM_000219 for KCNE1 atand its mobility across the pipette seal, which is estab-
http://www.ncbi.nlm.nih.gov:80/entrez/query.fcgi. mRNA for eachlished on the outer leaflet of the bilayer, is likely to be
channel was made using Ambion’s mMESSAGE mMACHINE T7 Kit.intact in a cell-attached experiment. Thus, application
The mRNA was injected at 5–20 ng/oocyte and recordings wereof ACh in the bath (i.e., outside the patch) caused inhibi- performed 2–5 days later.
tion of channel activity (within the patch). This suggests
that PIP2 hydrolysis in the membrane outside the patch Cell Culture
Superior cervical ganglia (SCG) neurons were prepared using a stan-triggers a reduction of PIP2 within the patch, most likely
dard protocol (Hawrot and Patterson, 1979) from neonatal (1–3 daysby lateral diffusion of PIP2 down the PIP2 concentration
old) rats (Sprague-Dawley). Neurons were plated on poly-D-lysinegradient across the patch pipette (Figure 7B). These
and laminin-coated glass coverslips and cultured on L15 mediumdata suggest that the diffusible second messenger
supplemented with 5% fetal bovine serum and 5% newborn calf
could be membrane delimited and that diffusion of PIP2 serum, 100 UI/ml penicillin, 100 g/ml streptomycin, and 50 ng/ml
across the patch pipette during bath application of ago- nerve growth factor. Neurons were used for recording within 4 weeks
nists that cause PIP2 hydrolysis outside the pipette is a following their isolation.
CHO cells were maintained in DMEM with 10% calf serum, andlikely mechanism.
they were passaged twice a week. CHO cells were grown at subcon-Inhibition of inwardly rectifying K (Kir) channels by
fluence on glass coverslips and were transiently transfected (Lipo-receptor-mediated mechanisms have been shown to
fectamine, Life Sciences) using EGFP or CD8 as a reporter. Re-involve PIP2 hydrolysis (e.g., Kobrinsky et al., 2000; Xie cordings were performed 2–4 days following transfection, using the
et al., 1999; Haruna et al., 2002; Oketani et al., 2002). voltage protocols described below.
Yet, for KCNQ channels, there is a great deal of debate
as to a unifying mechanism that satisfies the actions of Electrophysiology
Two voltage protocols often utilized to study M currents were usedthe many molecules that have been identified to play a
(Brown and Adams, 1980): the first protocol involved a holding po-role in M current inhibition. Nevertheless, it is accepted
tential of 50mV and a positive step (usually to 20mV) for 1–2 sthat hydrolysis of membrane phospholipids is the first
applied every 3–6 s. Additionally, to test for stability of the patch astep in the transduction mechanism (Higashida and short negative step (200 ms) to 80mV was made during holding.
Brown, 1986; Pfaffinger et al., 1988). Our study provides The second protocol entailed holding the membrane potential at
compelling evidence that PIP2 is the second messenger 30mV and a negative step to50mV for 1 s was applied every 3 s.
that underlies receptor-mediated inhibition. However, it
Two-Electrode Voltage Clampis clear that more work will be required to show whether
Whole-cell currents were recorded 3–5 days postinjection using aand how many of the molecules that regulate M currents
two-microelectrode voltage clamp (TEVC) setup (GeneClamp500are related to channel-PIP2 interactions. KCNQ2/3 chan- amplifier, Axon Instruments) and the pClamp 6 data acquisition soft-
nels interact with PIP2 with a relatively low specificity. ware (Axon Instruments). Microelectrodes had a resistance0.5 M

This is suggested on one hand by the similar activation when filled with 3 M KCl. Oocytes were voltage clamped at80mV in
of KCNQ2/3 heteromers by the different phosphoinosi- ND96 solution (perfusion rate2 ml/min), and recordings were done
tides (4,5), (3,4), (3,4,5) and on the other by the activation using the appropriate voltage protocols.
Macropatch Recordings from Oocytesseen with other negatively charged membrane phospho-
For macropatch recordings electrodes with resistances 0.4–0.8 M
lipids (PS) at high concentrations but not with neutral
were filled with filtered ND96 solution containing 2 mM KCl, 91 mMones (PE, PC). The specificity profile of KCNQ2/3 chan-
NaCl, 1 mM MgCl2, 5 mM NaOH, and 5 mM HEPES, pH 7.4. Internalnels appears most similar to that of KATP channels. It is (bath solution) was a high-potassium (HK) solution containing 96
intriguing to hypothesize that similar mechanisms exist mM KCl, 5 mM EDTA, and mM 10 HEPES, pH 7.4. Before proceeding
that allow several lipid molecules (e.g., different PIP2 to record from an inside-out patch, the bath solution was switched
to FVPPK solution, which contains 60 mM KCl, 5 mM EGTAK2, 5stereoisomers, PIP3, PS, and perhaps arachidonic acid
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mM KF, 0.1 mM Na3VO4, 10 mM K4P2O7, and 10 mM HEPES, pH 7.4. Excel for further analysis. Constant regions within the profile of
each cell were designated as membrane, with areas in between asThe vanadate and fluoride in the solution act as lipid phosphatase
inhibitors (Huang et al., 1998). cytoplasm. The ratio of average fluorescence intensity of membrane
to cytoplasm was calculated and plotted.Recordings on Mammalian Cells
Whole-Cell Recordings. Recordings were performed using the EPC9
(Heka, Germany) or Axon 200A (Axon Instruments, CA) amplifier and Other Chemicals
the “Pulse” software (Heka, Germany) at room temperature using Preparation of stocks and working solutions of other chemicals (PIP2
standard patch-clamp techniques (Hamill et al., 1981). The electrode antibodies, poly-lysine, and wortmannin) was done using protocols
current was zeroed prior to seal formation. Electrode resistance was according to manufacturers’ instructions.
0.9–2.2 M
. Currents were filtered at 3.3 kHz. Solutions were applied
using the DAD12 fast superfusion system (ALA Instruments, NY) or Data Analysis
by gravity. The internal solution for CHO cells contained 140 mM We used the program “Origin” (version 6.0, Microcal Software) for
KCl, 5 mM EGTA, 5 mM NaCl, 10 mM HEPES, 3 mM Mg ATP, and statistical computations. Data were expressed as mean SEM, and
0.2 mM Na2GTP, pH 7.2. For neuronal recordings, KCl was replaced statistical significance was computed using Student’s t test.
with potassium aspartate. 12 mM phosphocreatine and 50 g/ml The current size and its inhibition were measured either from the
leupetin were freshly added. The external solution was a physiologi- amplitude of the activated current at 50 ms before the end of the
cal saline potassium solution containing 150 mM NaCl, 2 mM KCl, step to 20mV (first voltage protocol) or from the amplitude of
2 mM MgCl2, 2 mM CaCl2, 10 mM HEPES, and 10 mM dextrose, the deactivation tail recorded at 50mV (second voltage protocol)
pH 7.4. (Selyanko et al., 2001).
Single-Channel Recordings. Single-channel recordings were per- For single-channel analysis, segments recorded under the same
formed 3–4 days after transfection using an Axon 200A amplifier voltages were extracted and concatenated using our own routines.
and pCLAMP software (6.0 and 8.0 versions, Axon Instruments, CA). These records were then subjected to idealization using the Fetchan
A physiological saline solution was used in the pipette; in the cell- routines of pClamp8. The overall activities of patches (NPo) were
attached mode, potassium in the bath solution was raised to 25 mM calculated from the idealized traces, as previously described (e.g.
to keep the cell depolarized at 30mV. The cytoplasmic solution Roha´cs et al., 2002a).
for inside-out patch recordings was a modified FVPPK solution with
potassium raised to 155 mM. Recordings were sampled at 2 or 5 Acknowledgments
kHz and filtered at 0.2–0.5 kHz. Pipette resistance was 2–3 M
.
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